Objective: To investigate the intake of plant sterols and identify major dietary sources of plant sterols in the British diet. Subjects: A total of 24 798 men and women recruited during 1993-1997, participating in the European Prospective Investigation into Cancer (EPIC-Norfolk).
Introduction
Plant sterols are bioactive compounds found in all vegetable foods at varying concentrations. There is, however, limited information on the plant sterol intake from common foods in Britain.
The chemical structure of plant sterols resembles that of cholesterol but with an additional methyl-or ethyl group in the side chain. More than 250 different plant sterols have been identified (Piironen et al., 2000) . Plant sterols are known to reduce the absorption of cholesterol and the serum level of cholesterol, although the mechanisms are not fully understood. In addition to the well-known effect of decreased intestinal cholesterol absorption due to reduced incorporation of cholesterol into mixed micelles, plant sterols are suggested to influence cellular cholesterol metabolism within the intestinal enterocytes (Plat and Mensink, 2005) .
It is well documented that commercial products enriched with plant sterols reduce serum cholesterol levels. A metaanalysis of 41 different studies has shown that a plant sterol dose of 2 g/day reduces low-density lipoprotein (LDL) cholesterol levels by 10% (Katan et al., 2003) . In contrast to these studies with products supplemented with plant sterols, much less is known about the effects of dietary plant sterol intake (Ostlund, 2002) . Traditionally plant sterols from the habitual diet have not been considered to have any significant effect on the serum cholesterol level but this view has been questioned (Fraser, 1994; Ostlund, 2002) . Serum cholesterol lowering effects of the plant sterol intake from the natural diet could probably have been underestimated (Ostlund, 2002) . As recently shown in a large-scale epidemiological study using the current database, a high intake of natural dietary plant sterols is significantly inversely related to total and LDL cholesterol levels (Andersson et al., 2004) .
Knowledge of major food sources of plant sterols could be an important tool when trying to further improve the natural intake of plant sterols as a component in the prevention of cardiovascular disease. The aim of the current study was to investigate the natural intake of plant sterols in the Norfolk population of The European Prospective Investigation of Cancer (EPIC) and to identify major dietary sources of plant sterols in the British diet.
Methods
The study population The EPIC-Norfolk cohort recruited approximately 25 000 men and women aged 40-79 years of age between 1993 and 1997 (Day et al., 1999) . EPIC-Norfolk is part of the Europewide EPIC study designed to investigate dietary and other determinants of cancer. The EPIC-Norfolk cohort also included end points other than cancer, for example cardiovascular disease. Informed consent was given by all participants and the study was approved by the Norfolk and Norwich Hospital Ethics Committee. Food intake and nutrient data from food frequency questionnaires (FFQ) were available for 24 838 participants.
Plant sterol analysis
Analyses of the food items were performed at the Department of Clinical Nutrition, Göteborg University, Sweden, using a gas-liquid chromatography (GLC) procedure modified after Jonker et al. (1985) and validated with gas chromatography mass spectrometry (Dutta and Normén, 1998) . In short, the method comprised acid hydrolysis (6 M HCl), alkaline saponification (96% ethanolic KOH), lipid extraction with toluene, and a final step of washing in de-ionized water until neutral pH was reached. Internal standard, containing 5a-cholestane, was added to all samples before saponification to quantify the sterols. Samples were dehydrated with Na 2 SO 4 , filtered and evaporated under vacuum at 501C. The residue was dissolved in chloroform and stored at À201C. Silylation of sterols to trimethylsilyl ether derivatives was performed before analysis by gas liquid chromatography (GLC). The limit of detection was set to 0.01 mg/100 g fresh material of the tested product. The concentration of the five most frequently occurring plant sterols (the unsaturated plant sterols campesterol (24a-methyl-5-cholesten-3b-ol), stigmasterol (5,22-cholestadien24a-ethyl-3b-ol) b-sitosterol (24a-ethylcholest-5-en-3b-ol) , and the saturated plant stanols campestanol (24a-methyl5a-cholestan-3b-ol), and b-sitostanol (24a-ethyl-5a-cholestan3b-ol)) was analysed. The sum of the five plant sterols constitutes 'total plant sterols'. All foods were analysed in duplicate. All fruits and vegetables were bought in 1996, cereals in 1997 and fatty foods in 1997 and 2001 in two shops in the Gothenburg area. Specific British food items were bought in Cambridge in 2004 and 2005. Fruits and vegetables were analysed as a mix of two different samples and analysis of cereal and fatty foods were made from a mix of two to seven samples. British food items were analysed in duplicate from a single sample. Seasonal variation in fruits and vegetables was not taken into account.
Plant sterol database
Analyses of more than 330 food items were collected in a plant sterol database and this database was used to estimate plant sterol intake. This database includes vegetables, fruits, cereals, bread, fats, nuts, confectionery, beverages and specific British food items. Food items from this database were matched with the food items present in the FFQ. The plant sterol data on vegetables, fruits, cereals and fatty foods have been published . Plant sterol content of specific British food items used in this study is shown in Appendix 1.
Food frequency questionnaire
At recruitment participants completed a FFQ consisting of a food list of 130 questionnaire lines corresponding to 275 food items (Bingham et al., 2001; Welch et al., 2005) . The FFQ was validated against a 16-day weighed records and the biomarkers 24-h urine N and K, plasma carotenoids and plasma vitamin C (Bingham et al., 1994 (Bingham et al., , 1995 (Bingham et al., , 1997 . The questions about intake of different fruits and vegetables were detailed and types of bread, pasta, breakfast cereals and types of fat used for frying, baking and spreading had been specified which assisted in the correct assignment of plant sterol values. Based either on pure animal origin or on ingredients not containing plant sterols, 63 food items were set to zero. For plant sterol containing food items the plant sterol value was based on direct analysis in 119 food items. Fifty-six food items were assigned a value from similar analysed products or proportions of analysed products. 
Calculations
All food items were categorized into nine food groups: fruits; vegetables; potatoes; bread and other cereals (breakfast cereals, pasta and rice); cakes, scones and chocolate; nuts and peanut butter; added fats; mixed dishes (dishes of fish, meat and vegetables) and other foods (beverages, coffee whitener, confectionery, condiments, crisps, sauce, soya/tofu and sugar/jam).
Statistical analysis
Participants with estimated total plant sterol intakes 4750 mg/day were excluded, as they were considered extreme outliers, which resulted in exclusion of 17 men and 23 women. In total, 24 798 participants (11 227 men and 13 571 women) were thus included in the analysis. All values are presented as means and standard deviations (s.d.).
Comparisons of two groups with continuous variables were performed by t-test for independent samples. Different age groups were compared using the one-way analysis of variance (ANOVA). When the overall P value from ANOVA was o0.05 the post hoc Bonferroni test was performed. Statistical calculations were performed using the SPSS for WINDOWS (version 11.5) Software program.
Results
Mean (s.d.) intake of total plant sterols was 300 (108) mg/day for men and 293 (100) mg/day for women (Table 1 ). The major plant sterol was b-sitosterol contributing to 66% of total plant sterol intake. The other sterols, campesterol and stigmasterol represented 22 and 8% of total plant sterol intake, respectively. The plant stanols campestanol and bsitostanol were minor contributors and together constituted only 4% of the total plant sterol intake. Absolute intakes of plant sterols from different foods and food groups are presented in Table 1 . Bread and other cereals, vegetables and added fats were the three major food sources of plant sterols representing 18.6 (8.9), 18.4 (8.5) and 17.3 (10.4)% of the total plant sterol intake, respectively. The intake of cakes, scones and chocolate contributed with 14.4 (10.5)% of the total plant sterol intake whilst fruits contributed with 12.3 (8.4)%.
The mean (s.d.) energy intake was 9.2 (2.6) MJ for men and 8.1 (2.3) MJ for women, and women had a significantly higher plant sterol intake in relation to energy intake (plant sterol density, mg/1000 kJ) than men (36.4 vs 32.8 mg/ 1000 kJ, Po0.001). In relation to energy intake, women had significantly higher intakes of plant sterols from vegetables, bread and other cereals, added fats, fruits and mixed dishes (all Po0.001), whilst men had significantly higher intakes of plant sterols from cakes, scones and chocolate, potatoes (all Po0.001) and other foods (Po0.01; Figure 1 ).
According to the age groups 40-52, 53-65 and 66-79 years the plant sterol density for men was significantly higher in the youngest age group than in the oldest age group (Table 2) . For women the plant sterol density was higher in both younger age groups compared to the older age group. In relation to energy intake, both men and women in the youngest age group had significantly higher intakes of plant sterols from added fats, mixed dishes, other foods, potatoes and nuts and peanut butter and significantly lower intakes of plant sterols from vegetables, cakes, scones and chocolate and fruits (all Po0.001) compared to the oldest age group (Figure 2a and b) . The younger men had also a lower intake of plant sterols from bread and other cereals (Po0.05) compared to the oldest age group.
Discussion
An earlier report on the plant sterol intake from the British diet (Morton et al., 1995) showed considerably lower amounts of plant sterols than the present study. The previous study was based on the UK TDS collected in the years 1987 and 1991, using food consumption data from the National Food Survey (NFS). Average daily intake of plant sterols was estimated from chemical analysis of 20 food groups corresponding to the average consumption of 119 categories of foods and drinks constituting a representative diet. Until 1992 the NFS did not include information of foods bought and consumed outside the home. The completeness of the estimation of plant sterol intake can therefore be questioned and the present findings correspond to approximately 160% of the previous value. The analyses of the earlier study were performed using a thin layer chromatography (TLC) procedure. Some of the differences in the plant sterol intake between the two studies can probably be explained by different nutritional assessment methods and chemical analytical methods. In the present study, vegetables made a greater contribution to the total plant sterol intake than in the study by Morton et al. (1995) (18 vs 7%) while the intakes from bread and other cereals including cakes, scones and chocolate represented 33% of total plant sterol intake in both studies.
More recent studies of plant sterol intake in the Netherlands (Normén et al., 2001 ) and in Finland (Valsta et al., 2004) show estimated daily intakes of just above 300 mg for men and between 240 and 260 mg for women, with bread, cereals, vegetable fats, vegetables and fruits as the main sources. The plant sterol intake in Spain has recently been reported to be 276 mg per day with oils, cereals, vegetables and fruits as the major sources (Jiménez-Escrig et al., 2006) . Accordingly the main food sources in the current data are comparable with main food sources found in these other contemporary European studies.
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When the present study is compared to the recent study of plant sterol intake in Finland by Valsta et al. (2004) , the plant sterol intake of women differed (293 vs 237 mg/day), while the plant sterol intake of males were nearly identical (300 vs 305 mg/day), although a different dietary assessment method was used (24-h recall). Comparison of the British and the Finnish women show that the British women reported to have a higher energy intake (8.1 vs 6.8 MJ) and that their plant sterol density seem to be higher (36.4 vs 34.9 mg/ 1000 kJ), while the corresponding values for the males are very similar. The differences in plant sterol intake could thus partly be explained by the higher energy intake among the British women.
The study by Normén et al. (2001) of a cohort from the Netherlands used the same database as in this study apart from some foods specific to the different countries. The dietary assessment methods used in the present study and by Normén et al. (2001) were both FFQs. Daily intake of plant sterol was higher in the British women than in the Dutch women (293 vs 263 mg/day), while the corresponding intake for the males were nearly identical (300 vs 307 mg/day). The energy intake was not reported for the Dutch men and women separately. The reported energy intake of the total Dutch population was marginally higher (0.05 MJ) than for the British women, thus the Dutch women could be assumed to have a lower energy intake or at least a lower intake as estimated by FFQ than the British women. Plant sterol intake from vegetables and legumes was higher in Britain than in both the Netherlands and Finland (52 vs 30-35 mg), while the intake in Spain was comparable (45 mg). Also when compared as percentage intake from vegetables and legumes, the intake in Britain (18%) was higher than in the Netherlands (11%) and Finland (13%), but comparable to Spain (16%). The plant sterol intake from fruits was also higher in Britain than in both the Netherlands and Finland (36 vs 25-30 mg), while the intake in Spain was comparable (34 mg). The British population had a lower intake of plant sterols from bread and other cereals than the Dutch and the Finnish population (54 mg vs over 105-110 mg). When cakes, scones and chocolate were included in the cereal group the intake in Britain still was lower than in the Netherlands and Finland (99 vs 110-120 mg) but higher than in Spain (81 mg). Despite a few differences, the results are still remarkably similar across four different countries and with different dietary assessment methods. Valsta et al. (2004) found no age group differences in plant sterol density. Small but significant differences in plant sterol density were found between different age groups in the Norfolk population. Younger men and women had a higher plant sterol density compared to older men and women, despite the fact that the younger men and women had lower intakes of plant sterols from the important plant sterol Figure 1 Energy-adjusted intake of plant sterols from different food groups (mg/1000 kJ) in men (n ¼ 11 227) and women (n ¼ 13 571) aged 40-79 years, EPIC Norfolk. Table 2 Plant sterol density (mg/1000 kJ) by age group in men (n ¼ 11 227) and women (n ¼ 13 One-way analysis of variance Men 33.1 (7.3) NS 32.7 (7.5) NS 32.5 (7.5)** 0.005 Women 36.8 (7.4) NS 36.5 (7.7)*** 35.7 (7.9)*** o0.001
One-way analysis of variance post hoc Bonferroni's t-test. sources fruits, vegetables and cakes, scones and chocolate, in relation to energy intake. The EPIC-Norfolk population was considered representative of the population of England in terms of anthropometric variables, blood pressure and serum lipids (Day et al., 1999) but the fact that the population had approximately half as many current smokers compared to UK could perhaps have affected the dietary intake. A recent meta-analysis of the dietary effects of smoking has concluded that smokers have a lower intake of polyunsaturated fat, fibre, vitamin C, vitamin E and b-carotene than non-smokers (Dyer et al., 2003) . Foods rich in polyunsaturated fat and fibre are generally higher in Figure 2 (a) Energy adjusted intake of plant sterols from different food groups (mg/1000 kJ) in men by age group, EPIC Norfolk 1993 -1997 Energy adjusted intake of plant sterols from different food groups (mg/1000 kJ) in women by age group, EPIC Norfolk 1993-1997.
Food sources of plant sterols S Klingberg et al plant sterols. Consequently, a lower intake of plant sterols could be expected in the general British population. The FFQ used was validated against a 16-day weighed records and biomarkers and was considered appropriate to use as one of three nutritional methods in this large EPICNorfolk cohort (Bingham et al., 1997) . The FFQ overestimated vegetable, milk, cheese and coffee intake but only the overestimation of vegetables could have affected the plant sterol intake to any extent. Food frequency questionnaires are used to assess individual habitual intake over a defined period of time and are generally associated with different types of bias like systematic intake-related bias, systematic person-specific bias and random within-person errors (Kipis et al., 2002) . These types of bias affect the individual intake level although biases tend to skew towards unity. Since all analyses are performed on group level the individual biases probably do not significantly affect trends.
Quality assurance of analytical work was performed during the set-up of the methodology and during the course of the analyses . Duplicate sample analyses were repeated if there was a difference of more than 10%. In general, this variation was around 3%. Thus, the precision of the analytical method is considered adequate, and the accuracy has been determined by known standards during analysis, and also in a multicentre comparison between five European laboratories engaged in plant sterol analysis (Normén, personal communication) .
Very little is known about the seasonal variation of plant sterols in fruits and vegetables. The fact that fruits and vegetables to a great extent are imported to Sweden from several countries would have made it extremely hard to take seasonal variation into consideration in the analyses, thus this was not done. The WHO, (2005) recommends an increased intake of fruits, vegetables, legumes, whole-grain cereals and nuts and unsaturated fats in substitution of saturated fats for prevention of cardiovascular disease (CVD). Compliance with these recommendations would increase the intake of plant sterols. Optimization of the plant sterol intake can be made by selection of foods particularly high in plant sterols, as the variation of plant sterol concentrations within food groups is high (Appendix 2). Among fruits and vegetables, high concentrations of plant sterols are found in oranges and broccoli while apples and carrots contain much lower plant sterol concentrations. As the plant sterol content in different parts of the grain kernel varies, different milling processes and hence different cereal products contain varying amounts of plant sterols. Cooking does not affect the plant sterol content of fruits, vegetables and cereals while industrial processing of vegetable oils reduces plant sterol content by about 10% (Normén, unpublished data) . Since some vegetable oils are especially high in plant sterols and as the variation of plant sterol concentration is very high, the choice of vegetable oil used in cooking can have a great impact on the daily intake of plant sterols. Exchanging one tablespoonful of olive oil for one tablespoonful of corn oil will increase the plant sterol intake from 23 to 137 mg of plant sterols.
As plant sterols from the habitual diet has been shown to be inversely related to total and LDL cholesterol levels (Andersson et al., 2004) more attention should be addressed to these bioactive compounds in the prevention of CVD. In the study by Andersson et al. (2004) , men consuming high amounts of plant sterols had a 0.25 mmol/l lower total serum cholesterol concentration and a 0.14 mmol/l lower LDL cholesterol concentration compared with those consuming low amounts of plant sterols after adjusting for age, BMI and total energy intake. Corresponding values for women were 0.15 and 0.13 mmol/l lower levels of total and LDL cholesterol, respectively. Despite these relatively small differences in serum cholesterol concentration an effect on CVD and mortality might be expected, which will be further studied in this population. The knowledge of trends of plant sterol intake from different food groups, between the sexes and between age groups, concluded in this study could be valuable when trying to optimize plant sterol intake in different populations.
Conclusion
The database of plant sterol values of analysed food items along with the epidemiological nutritional data provided the basis for assessing the plant sterol intake and major plant sterol food sources in a British population in 1993-1997. Mean (s.d.) intake of total plant sterols was 300 (108) mg/day for men and 293 (100) mg/day for women. Bread and other cereals, vegetables and added fats were the three major food sources of plant sterols representing 18.6 (8.9), 18.4 (8.5) and 17.3 (10.4)% of the total plant sterol intake respectively. The intake or cakes, scones and chocolate contributed to 14.4 (10.5)% of the total plant sterol intake whilst fruits contributed with 12.3 (8.4)%.
The results of the current study are comparable with recent European studies, despite different nutritional assessment methods and slightly different databases. The serum cholesterol lowering effects of plant sterols from the diet are probably underestimated. Therefore more attention needs to be addressed to the natural content of plant sterols in diets recommended for prevention of CVD. 
Appendix 1
The plant sterol contents in six specific British food items and in a selection of foods are given in Table A1 . The method used for analyses was the same as earlier published . 
